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Chemical sensors based on nano-sized
lanthanide-grafted periodic mesoporous
organosilica hybrid materials†
Anna M. Kaczmarek * and Pascal Van Der Voort *
In this work we introduce the use of nano-sized (50–70 nm) lanthanide-grafted periodic mesoporous
organosilicas for both metal ion sensing and solvent sensing. For this study a PMO constructed from the
N,N-bis(trimethoxysilylpropyl)-2,6-pyridine dicarboxamide linker and tetraethyl orthosilicate (at a 5 :95 ratio)
was employed. This material was grafted with Eu3+, Tb3+ or a mixture of Eu3+–Tb3+ chloride salts to obtain
strongly emitting nano-sized luminescence materials. To further enhance the luminescence properties
of the materials two different co-ligands were used – 1,10-phenanthroline (phen) and 5,50-dimethyl-
2,20-dipyridyl (bpy). The luminescence properties of the developed series of hybrid materials were
studied in detail in the solid-state and after dispersing in water. The materials were investigated for their
use as ion sensors, with the Eu3+ and Tb3+ phen and bpy co-grafted materials showing selective ‘‘turn on’’
fluorescence for Pb2+ and Cr3+ ions (at a 10 ppm concentration of the ions). The Eu3+–Tb3+ co-grafted
materials showed solvatochromism and could be used as a solvent sensor to distinguish between protic
and aprotic solvents.
1. Introduction
Lanthanide materials, especially lanthanide Metal–Organic
Frameworks (MOFs), have been widely investigated for their
use as luminescent sensor materials for probing metal ions,
organic molecules, gas molecules, temperature and so on.1–3
On the other hand, Periodic Mesoporous Organosilicas (PMOs),
another class of periodic porous materials, has been very
scarcely explored for their use as chemical sensors. PMOs
are obtained by the sol–gel process from an organo-bridged
alkoxysilane in the presence of a structure-directing agent
(surfactant).4,5 The porous frameworks of PMOs are based on
organic functional groups covalently linking siloxane domains.
PMO materials can be prepared at nano-size, which is crucial
for many applications.6–8
Some examples of lanthanide PMOs (LnPMOs) have already
been reported, showing good luminescence properties both in
the visible and near-infrared region.9–15 To date, one of the
more interesting proposed applications of LnPMOs is that for
use as temperature sensors.15 A few examples of the use of
PMOs as chemical sensors have already been reported.
For example Inagaki et al. investigated the use of a 2,20-bipyridine
PMO for sensing of Cu2+ ions.16 In other work, a PMO with
1,10-phenanthroline integrated in the framework showed a
selective response to different kinds of metal ions.17 Also a
fluorescent PMO bearing ethidium bromide in the framework
showed selective sensing towards Hg2+ and Fe3+ ions and could
be used to monitor these ions in water and biological cells even
in trace amounts.18 To the best of our knowledge, to date,
lanthanide grafted PMOs have not been investigated for this
application. In this work we study the potential to use nano-
sized LnPMOs (50–70 nm) as chemical sensors – both for heavy
metal ion sensing and solvent sensing. A PMO built out of 5%
N,N-bis(trimethoxysilylpropyl)-2,6-pyridine dicarboxamide linker
and 95% tetraethyl orthosilicate was used for the study. This
PMO was chosen as 2,6-pyridine dicarboxamide is an excellent
ligand for grafting lanthanide ions and works as an ‘‘antenna’’
ligand, and additionally it can be easily prepared as nano-sized
particles. The hybrid materials were investigated for their
response to different metal ions (Hg2+, Zn2+, Cu2+, Ca2+, Cr3+,
Co2+, Fe2+, Mn2+ and Pb2+) at a 10 ppm concentration. Among
these heavy metals one of the most dangerous is Pb2+. Children
are especially vulnerable to the toxic effects of Pb2+ and can
suffer profound and permanent health damage to the brain and
nervous system. Exposure of pregnant women to high levels of
Pb2+ can cause miscarriage, stillbirth, and malformations. Pb2+
also causes long-term harm in adults, such as kidney damage.19
In this study, the Eu3+ and Tb3+ phen and bpy co-grafted hybrid
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materials showed selective ‘‘turn on’’ fluorescence for Pb3+
and Cr3+ ions. Interestingly, we observed that the presence of
the second co-ligand (phen or byp) has a huge influence on
the sensing performance, showing very different ion sensing
behavior than for the materials without co-ligands. On the other
hand, the materials showed very similar ion sensing behavior
independent of the used lanthanide ion – Eu3+ or Tb3+. With the
purpose of investigating potential applications of these LnPMOs
as solvent sensors, five protic (water, methanol, ethanol, n-butanol
and isopropanol) and three aprotic solvents (DMF, chloroform
and acetone) were chosen to study the sensor performance. The
mixed Eu3+–Tb3+ hybrid materials showed solvatochromism
(displacement of signals due to a change of solvent polarity)
based on a different ratio of Eu3+ to Tb3+ and showed a visible
color change of the solutions in the different protic and aprotic
solvents.
2. Experimental details
2.1. Synthesis of the PMO precursor
The PMO precursor was synthesized according to a previously
reported procedure.9 24.6 mmol of pyridine 2,6-dicarbonyl
chloride was dissolved in 180 ml dry diethyl ether in a round-
bottom flask. Next, a mixture of 49.3 mmol (3-aminopropyl)
trimethoxysilane and 54.2 mmol pyridine in 70 ml dry diethyl
ether was added dropwise under argon. The solution was
stirred for 4 h under ambient temperature. The reaction was
then filtered and the diethyl ether and pyridine were removed
by rotary evaporation. A yellow oil of the PMO precursor –
N,N-bis(trimethoxysilylpropyl)-2,6-pyrdine dicarboxamide – was
obtained.
2.2. Synthesis of PMO
In a round bottom flask 1.646 mmol of cetrimonium bromide
was dissolved in 300 ml distilled water and 4.2 mmol NaOH.
This solution was stirred for 30 minutes at 80 1C until the
surfactant was fully dissolved. 13.43 mmol of pre-synthesized
silica precursor and tetraethyl orthosilicate, in a 5% : 95% ratio,
in 1 ml ethanol was next added dropwise with stirring to the
surfactant solution.9 A white suspension was immediately
formed, which was further stirred at 80 1C for 2 h. The
suspension was centrifuged and the powder was washed 2 times
with water and two times with ethanol. In order to remove
the cetrimonium bromide template solvent extraction was per-
formed three times (in a mixture of 200 ml of ethanol and 0.4 ml
of fuming HCl for every 1 g of PMO).
2.3. Synthesis of LnPMO, LnPMO_phen and LnPMO_bpy
(Ln = Eu3+, Tb3+)
The lanthanide grafting reactions were carried out employing
a heating block. In a typical procedure to obtain the LnPMO
hybrid materials, 0.0125 g of the as prepared PMO and
0.026 mmol of lanthanide chloride salts (EuCl3, TbCl3, or a
EuCl3 and TbCl3 mixture) were placed in a Pyrex tube and 5 ml
ethanol was added. The Pyrex tube was placed in an ultrasound
bath for 10 minutes before placing on a heating block set at
80 1C. The reaction was carried out for 24 h. The mixture was
next cooled down to room temperature and centrifuged, wash-
ing the powder 2 times with water and two times with ethanol.
It was dried in an oven at 80 1C. LnPMO_phen was prepared in
a similar way, except that 0.0047 g of phenanthroline was added
to the solution in order to obtain LnPMO_phen. LnPMO_bpy
was prepared in the same manner.
2.4. Characterization
Powder XRD patterns were recorded using a Thermo Scientific
ARL X’TRA diﬀractometer equipped with a Cu Ka (l = 1.5405 Å)
source, a goniometer and a Peltier cooled Si (Li) solid-state
detector. X-ray fluorescence (XRF) was measured using an XRF
Supermini200 Rigaku to analyse the relative Ln3+ content.
Fourier Transform Infrared (FT-IR) spectra were acquired in
the region of 650–4000 cm1 with a Thermo Scientific Nicolet
6700 FT-IR spectrometer equipped with a nitrogen-cooled
Mercury Cadmium Telluride (MCT) detector and KBr beam
splitter. Nitrogen adsorption–desorption isotherms were mea-
sured by using a Micromeritics TriStar 3000 analyzer at –196 1C.
The samples were vacuum dried for 24 h at 120 1C before
the measurements. Surface areas were calculated using the
Brunauer–Emmett–Teller (BET) method. Pore size distributions
were obtained by analysis of the desorption branch of the
isotherms using the Barrett–Joyner–Halenda (BJH) method.
Transmission Electron Microscopy (TEM) images were mea-
sured by using a Cs-corrected JEOL JEM2200FS transmission
electron microscope with a working voltage of 200 kV. The
1H NMR spectrum of the PMO precursor was recorded on a
Bruker Avance 300 MHz. The luminescence of solid samples
and suspensions was recorded. Small amounts of the powder
were placed between quartz plates (Starna cuvettes for powdered
samples, type 20/C/Q/0.2). Colloidal suspensions of the PMO
were measured in quartz cuvettes with a path length of 10 mm
(at a concentration of 1 mg of the sample dispersed in 1 ml
water). Luminescence measurements were performed on an
Edinburgh Instruments FLSP920 UV-vis-NIR spectrometer setup.
A 450 W Xe lamp was used as the steady state excitation source.
Luminescence decay times were recorded using a 60 W pulsed
Xe lamp, operating at a frequency of 100 Hz. A Hamamatsu
R928P photomultiplier tube was used to detect the emission
signals in the near UV to visible range. All emission spectra in
the manuscript have been corrected for the detector response.
3. Results and discussion
In this work we prepared nano-sized spherical LnPMO hybrid
materials (a schematic representation of the pristine PMO is
shown in Scheme 1) with the purpose of employing them for
chemical sensing – specifically for heavy metal ion sensing and
solvent sensing. Three Eu3+ samples: EuPMO, EuPMO_phen
and EuPMO_bpy; three Tb3+ samples: TbPMO, TbPMO_phen
and TbPMO_bpy; and three mixed Eu3+–Tb3+ samples: Eu,TbPMO,
Eu,TbPMO_phen and Eu,TbPMO_bpy were prepared for this
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study. The single lanthanide ion grafted hybrid materials were
tested for ion sensing, whereas the mixed lanthanide ion grafted
samples were employed for solvent sensing. In themixedmaterials
the lanthanides were grafted at a 50 : 50 ratio; the exact Ln3+ ratios
have been determined using XRF and are presented in Table S1
(in the ESI†).
For the preparation of the PMO materials, first the PMO
precursor was synthesized and characterized using 1H NMR
(Fig. S1, ESI†) and compared to the literature to confirm the
formation of the right compound.9 The prepared PMO was
characterized using powder XRD, nitrogen sorption, FT-IR and
TEM. In the powder XRD pattern a strong reflection (100) at low
2y is observed (Fig. 1a). This is typical for materials with a
hexagonal arrangement (P6mm) of uniform pores.12 The for-
mation of the 2,6-pyridine dicarboxamide PMO was confirmed
by FT-IR spectroscopy (Fig. 1b). The characteristic stretching
vibrations of the 2,6-pyridine dicarboxamide PMO precursor
are known from the literature and some of them can be found
in the PMO materials as well as additional vibrations assigned
to the formation of siloxane bonds.9 In the PMO material we
observe a strong broad band around 986–1200 cm1, which can
be attributed to the asymmetric stretching vibrations of the
Si–O–Si framework as well as the stretching vibrations of Si–C
bonds originating from the hydrolysis and co-condensation of
the 2,6-pyridine dicarboxamide PMO precursor and tetraethyl
orthosilicate. A band around 800 cm1 can be assigned to the
symmetric stretching vibrations of O–Si–O units. These bands
confirm the formation of the siloxane framework. The presence
of the CQO absorption band at 1681 cm1 and d(NH)–n(CN)
moieties at 1533 cm1 (from the pyridine ring) evidences the
presence of the 2,6-pyridine dicarboxamide unit in the struc-
ture. The N2 adsorption–desorption isotherm of the PMO is
shown in Fig. 1c. The PMO exhibits a type IV isotherm without a
clear hysteresis loop. Yet, steep capillary condensation/evapora-
tion steps at relative pressures in the range from 0.2–0.35
indicate a characteristic mesoporous structure with a narrow
pore size distribution. The BET surface area was calculated to
be 953 m2 g1 and the pore diameter ranged from 2.0–3.0 nm.
Last, the morphology of the PMO was investigated using TEM.
Uniform nanospheres with an average diameter of 50–70 nm
were obtained; the periodicity of the PMO material can
be observed in the TEM images (Fig. 1d). The room tempera-
ture photoluminescence excitation and emission spectra of
the pristine 2,6-pyridine dicarboxamide PMO material were
recorded and have been presented in Fig. S2 (ESI†). The
excitation spectrum consists of a broad band between 250
and 400 nm, with a maximum at 366 nm. In the emission
spectrum a broad band between 400 and 525 nm is observed
with a maximum at 438 nm. Room temperature photolumines-
cence measurements were also carried out for all nine
lanthanide-grafted samples both in the solid state as well as
in the form of an aqueous colloidal suspension. The main focus
of this work was to assess if these hybrid PMO materials could
perform well as chemical sensors, both for heavy metal ion
sensing and solvent sensing. All prepared Tb3+ and Eu3+
samples showed strong visible emission when placed under a
UV lamp with an excitation wavelength of 302 nm (see Fig. 2). A
clear enhancement in the emission intensity is observed for the
samples with an additional co-ligand (phen or bpy).
First, PMO@Tb and PMO@Eu without the addition of a
co-ligand were studied. The combined room temperature solid-
state excitation–emission spectra of the materials, both in the
solid-state and in the form of suspensions, have been presented
in Fig. S3 and S4 (ESI†). The peak assignment of the peaks
labeled for the solid-state samples has been given in Tables S2
Scheme 1 Schematic representation of the PMO used in the study. The
N,N-bis(trimethoxysilylpropyl)-2,6-pyridine dicarboxamide linker shown in
the zoom in of the PMO is present at 5% (mixed with 95% TEOS).
Fig. 1 (a) The powder XRD pattern of the 2,6-pyridine dicarboxamide
PMO material, (b) FT-IR spectrum of the 2,6-pyridine dicarboxamide PMO,
(c) N2 adsorption–desorption isotherm of the 2,6-pyridine dicarboxamide
PMO, and (d) TEM images of the 2,6-pyridine dicarboxamide PMO (the
scale bar is 50 nm).
Fig. 2 Photo taken when placing the LnPMO sample under the UV lamp
at an excitation wavelength of 302 nm: TbPMO (1), TbPMO_phen (2),
TbPMO_bpy (3), EuPMO (4), EuPMO_phen (5) and EuPMO_bpy (6).
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and S3 (ESI†). The characteristic emission peaks of Tb3+ and
Eu3+ are found in the samples. Both in the case of PMO@Tb
and PMO@Eu a narrowing of the broad ligand band in the
excitation spectrum is observed in the colloidal suspensions
compared to the solid-state samples (maximum for solid-state
samples: 295 nm, maximum for colloidal suspensions:
282 nm). The decay time profiles of the samples in the solid-
state and suspensions are given in Fig. S5 and S6 (ESI†). In
almost all cases a good fit could only be obtained using a
biexponential decay curve, indicating that more than one
coordination environment of the lanthanide ions is present
in the hybrid materials. Interestingly we observe an increase in
the decay times when the samples are in the colloidal suspen-
sion compared to that of the solid-state samples. The enhance-
ment in the luminescence properties is most likely due to the
change in the local environment of the Ln3+ ions.20 This change
of environment can be seen in the emission spectra of the
PMO@Eu samples (Fig. S4, ESI†). To explore the metal ion
selectivity behavior of the PMO@Tb and PMO@Eu materials,
the as-synthesized samples were added into different standard
solutions containing 10 ppm nitric acid metal salts (Hg2+, Zn2+,
Cu2+, Ca2+, Cr3+, Co2+, Fe2+, Mn2+ and Pb2+). The suspensions
were prepared by treating the samples with ultrasound irradia-
tion for a few minutes until they formed very stable colloidal
suspensions. The emission spectra of the PMO@Tb suspension
and the PMO@Eu suspension in the presence of different metal
ions have been presented in Fig. 3. At a 10 ppm concentration
most of the metal ions do not show any quenching effect
(compared to the blank sample). Only Cu2+ and Fe2+ ions show
some quenching effect for both the PMO@Tb and PMO@Eu
materials. The emission intensity of the PMO@Tb and
PMO@Eu samples drops to half of its intensity in the presence
of both Cu2+ and Fe2+ ions, and it is not dependent on the
lanthanide ion, showing similar behavior for both samples.
Next, hybrid materials consisting of an additional co-ligand
(phen and bpy) were studied for their luminescence properties.
The emission and excitation spectra as well as the decay times
of the room-temperature solid-state and colloidal suspen-
sions of PMO@Tb_phen, PMO@Eu_phen, PMO@Tb_bpy and
PMO@Eu_bpy have been presented in Fig. S7–S10 (ESI†)
(labeled peaks assigned in Tables S4–S7, ESI†). Here, also a
narrowing of the ligand band in the excitation spectra is
observed, changing the excitation wavelength for the samples
in solution. And also for these hybrid samples a change in the
local environment influences the increase of the luminescence
decay times when dispersing the samples in solution (see
Fig. S11–S14 and Table S8, ES†). For these hybrid materials the
metal ion selectivity behavior was also investigated (for 10 ppm
nitric acidmetal salts). The emission spectra of the PMO@Tb_phen
and PMO@Eu_phen suspensions in the presence of the different
metal ions are presented in Fig. 4. Here, most of the metal
ions have a quenching effect on the emission intensity of the
PMO@Tb_phen and PMO@Eu_phen suspensions compared to
the blank suspension. Interestingly Hg2+ ions cause quenching of
the emission intensity, but not as strongly as other ions. On the
other hand, in the presence of Cr3+ and Pb2+ the materials show
enhanced luminescence intensity compared to the blank. Also in
the case of thesematerials, the Tb3+ and Eu3+ samples show similar
behavior, suggesting that the ion sensing behavior is not
lanthanide dependent (at least for lanthanide ions with a
similar ionic radius such as the investigated Tb3+ and Eu3+).
For these samples, in the presence of certain metal ions (e.g.
Ca2+, Zn2+) an intense ligand band appears in the emission
spectra around 400–500 nm. As stated before this would
suggest that the presence of certain ions has an influence on
the energy transfer mechanism from the ligand to the lantha-
nide ions (most likely from the additional phenanthroline
ligand, as such behavior was not observed in the PMO@Tb
and PMO@Eu samples). In Fig. 5a and b we have compared the
emission intensities of the samples in different ion solutions
compared to the blank (luminescence intensities recorded
for the strongest peaks: 5D4 -
7F5 for PMO@Tb_phen and
5D0-
7F2 for PMO@Eu_phen). In Fig. 5c we show a photo of
the blank PMO@Tb_phen and PMO@Eu_phen samples when
placed under a UV lamp. The emission spectra of the
PMO@Tb_bpy and PMO@Eu_bpy suspensions in the presence
of the different metal ions are presented in Fig. 6. As can be
seen in the figure, most of the metal ions have a quenching
effect on the emission intensity of the PMO@Tb_bpy and
PMO@Eu_bpy suspensions compared to the blank. Also in
these samples, similarly to the materials with phenanthroline
Fig. 3 (a) Emission spectra of the colloidal suspensions of PMO@Tb in the
presence of diﬀerent metal ions when excited at 282 nm, and (b) emission
spectra of PMO@Eu in the presence of diﬀerent metal ions when excited at
282 nm.
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as a co-ligand, Hg2+ ions cause quenching of the emission
intensity, but not as strongly as other ions. On the other hand,
also here, in the presence of Cr3+ and Pb2+ the materials show
enhanced luminescence intensity compared to the blank.
Therefore, the samples with the bpy ligand show very similar
behavior to those with the phen co-ligand. As in the case of
previous samples, the Tb3+ and Eu3+ materials show similar
chemical sensing behavior, suggesting that the ion sensing
behavior is not lanthanide dependent. Also for these samples,
in the presence of some metal ions (e.g. Ca2+, Zn2+) an intense
ligand band is visible in the emission spectra around 400–
500 nm. This would suggest that the presence of certain ions
has an influence on the energy transfer mechanism from the
ligand to the lanthanide ions (most likely from the additional
bypiridine ligand, as such behavior was not observed in the
PMO@Tb and PMO@Eu samples). We have compared the
emission intensities of the samples in different ion solutions
compared to the blank (luminescence intensities recorded
for the strongest peaks: 5D4 -
7F5 for PMO@Tb_bpy and
5D0-
7F2 for PMO@Eu_bpy) (Fig. 7a and b).
In Fig. 7c we show a photo of the blank PMO@Tb_bpy and
PMO@Eu_bpy samples when placed under a UV lamp.
The results of the ion sensing study show that the hybrid
materials containing an additional ligand (phen or bpy) are
more ion selective than the PMO@Tb and PMO@Eu materials.
The Eu3+ and Tb3+ phen and bpy co-grafted materials show
selective ‘‘turn on’’ fluorescence for Pb3+ and Cr3+ ions (at a
10 ppm concentration of the ions). They show similar behavior
for materials with both co-ligands. This is caused by the
similarities in these co-ligands, as they both have two nitrogen
donor atoms, which can bind to the lanthanide ions, resulting
in a similar coordination environment of the new hybrid
materials. It is noteworthy that the materials showed similar
sensing behavior based on the presence or absence of a
co-ligand and the sensing behavior was not dependent on the
lanthanide ion (most likely due to the similar ionic radius
between the two investigated ions). In several diﬀerent studies
lanthanide compounds (MOFs or inorganic phosphors) also
Fig. 4 (a) Emission spectra of the colloidal suspensions of PMO@Tb_phen
in the presence of diﬀerent metal ions when excited at 302 nm, and
(b) emission spectra of PMO@Eu_phen in the presence of diﬀerent metal
ions when excited at 302 nm.
Fig. 5 (a) Emission intensity of the 5D4 -
7F5 transition peak of the
PMO@Tb_phen material in the presence of diﬀerent metal ions compared
to the blank sample, (b) emission intensity of the 5D0-
7F2 transition peak
of the PMO@Eu_phen material in the presence of diﬀerent metal ions
compared to the blank sample, and (c) photo of the PMO@Eu_phen (left)
and PMO@Tb_phen (right) samples in suspension taken under a UV lamp
(302 nm excitation).
Journal of Materials Chemistry C Paper
8114 | J. Mater. Chem. C, 2019, 7, 8109--8119 This journal is©The Royal Society of Chemistry 2019
shows diverse quenching behaviors. The possible reasons for
the ‘‘turn on’’ and ‘‘turn oﬀ’’ luminescence are complex. It is
known though that some d-element ions, such as Cr2+, Mn2+,
Ni2+, Co2+ and Cu2+, have unsaturated d electronic configura-
tions, which enable them to accept energy from lanthanide ions
through d–d electron transitions, resulting in the quenching of
lanthanide luminescence through f - d energy transfer.21 In
another study it has been reported that the remarkable selec-
tivity of a MOF for Pb2+ ions most likely originated from the
electronic structure of the lead ion and the strong electrostatic
interactions between the lead ions and the Lewis basic sites of
the phenolic oxygen in the Ln–MOF.22
In general a number of processes can lead to a reduction of
the fluorescence intensity, so called quenching. Quenching can
occur during the excited state lifetime – for example collisional
quenching, energy transfer or charge transfer reaction – or it can
occur due to the formation of complexes in the ground state.
Most commonly two quenching processes are encountered –
colloidal quenching, also known as dynamic quenching, and
static (complex formation) quenching.23 Dynamic quenching
occurs when the excited fluorophore experiences contact with
an atom or molecule that can facilitate non-radiative transitions
to the ground state. On the other hand in some cases the
fluorophore can form a stable complex with another molecule.
If this ground-state is non-fluorescent than we say that the
fluorophore has been statically quenched. In order to gain
knowledge about the quenching mechanisms in our systems
we have selected the best performing material – PMO@Ln_bpy
(where Ln = Tb3+) – and studied it in more detail. The emission
intensity of PMO@Tb_bpy was studied at different concentra-
tions of the enhancing ions – Pb2+ and Cr3+ – and of a quenching
ion – Fe3+. As both Eu3+ and Tb3+ ions showed similar behavior
only one system was studied. Based on the intensity change
with the addition of the metal ions at different concentrations,
the luminescence enhancement or quenching efficiency (KSV)
was analyzed by the use of the Stern–Volmer (S–V) equation:
I0/I = KSVc + 1, where I0 and I are the luminescence intensities
before and after the addition of the metal ion, respectively, and c
is the molar concentration of the metal ion.22,24,25 Based on the
Fig. 6 (a) Emission spectra of the colloidal suspensions of PMO@Tb_bpy
in the presence of diﬀerent metal ions when excited at 315 nm, and
(b) emission spectra of PMO@Eu_bpy in the presence of diﬀerent metal
ions when excited at 315 nm.
Fig. 7 (a) Emission intensity of the 5D4 -
7F5 transition peak of the
PMO@Tb_bpy material in the presence of diﬀerent metal ions compared
to the blank sample, (b) emission intensity of the 5D0-
7F2 transition peak
of the PMO@Eu_bpy material in the presence of diﬀerent metal ions
compared to the blank sample, and (c) photo of the PMO@Eu_bpy (left)
and PMO@Tb_bpy (right) samples in suspension taken under a UV lamp
(302 nm excitation).
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S–V equation the KSV values were calculated for the enhancing
and quenching metal ions. In Fig. 8a–d the responses of
PMO@Tb_bpy to the addition of different concentrations
(0, 1, 5 and 10 ppm) of Pb2+ and Cr3+ are plotted along with
the S–V curves. The plots for Pb2+ and Cr3+ could be fitted with a
straight line, with very good fits around 0.99. From the slope we
calculated the enhancement efficiency KSV, which was deter-
mined to be 23600 M1 for Pb2+ and 6220 M1 for Cr3+,
respectively. Based on this we could also determine the limit
of detection (LOD), assuming that LOD = 3s/KSV, where s is the
standard deviation.26 The LOD for Pb2+ was calculated to be
4.53 mM and the LOD for Cr3+ was calculated to be 22.95 mM.
Additionally we have also analyzed the emission intensities of
the colloidal suspension of PMO@Tb_bpy in the presence of
different concentrations of Fe2+ ions, as an example of an ion
showing turn-off luminescence behavior. The data could also
be fitted linearly with R2 = 0.995 and quenching constant
KSV = 6 024 420 M
1 (Fig. 8e and f). Here the LOD was calculated
to be 33.51 mM.
If both static and dynamic quenching are occurring in the
sample than the I0/I versus c plot should have an upward
curvation.22 This is not the case in our systems where a good
linear fit can be made. As an example of a ‘‘turn oﬀ’’ lumines-
cence ion the quenching mechanism of Fe2+ ions was studied
more in depth. The decay times of PMO@Tb_bpy in the
presence of diﬀerent concentrations of the Fe2+ ions were
recorded (Fig. S15, ESI†). It is known that in the case of static
quenching the lifetime of the sample will not reduce since the
fluorophores are not complexed, and hence are able to emit
after excitation, and it will have normal excitation properties.24
However the fluorescence of the sample will be reduced since
the quencher is essentially reducing the number of fluoro-
phores which can emit. On the other hand, dynamic quenching
reduces the fluorescence lifetime. From our data collected for
Fe2+ we can observe a significant drop in the decay time,
suggesting the absence of static quenching in the system.
Additionally if the slope of the ratio of the luminescence
intensity at diﬀerent concentrations of the quencher increases
as the temperature increases we observe dynamic quenching.
In the Fe2+ system we observe a small increase of the slope with
a temperature increase from 25 1C to 45 1C suggesting the
existence of some dynamic quenching (Fig. S16, ESI†).23 On the
other hand the enhancement of the luminescence intensity in
the case of Pb2+ and Cr3+ is most likely due to the formation of
complexes of the metals with the bpy or phen ligand. The
metals most likely do not bind to the PMO itself (or at least this
binding does not have an eﬀect on the luminescence proper-
ties) as in the PMO@Ln samples this enhancement was not
observed. The bpy or phen ligands most likely form complexes
with Pb2+ and Cr3+ and aﬀect the antenna eﬀect of these
complexes through a donor–acceptor electron transfer effect
from the ligands to the metal centers (i.e. enhance the
luminescence).27 We have also performed anti-interference
tests for PMO@Tb_bpy (Fig. S17, ESI†). What we observed in
the anti-interference tests is that the presence of two enhancing
ions (Pb2+, Cr3+ or Hg2+) further enhances the emission intensity.
The presence of an enhancing ion (Pb2+, Cr3+) and a quenching
ion (e.g. Zn2+, Cu2+,. . .) caused a drop in intensity compared to
the Pb2+ or Cr3+ ion intensity, but the emission intensity is not
completely quenched. This suggests that the luminescence
quenching and enhancing processes are competing but the
luminescence enhancing process is dominant for these materi-
als. Therefore, even in mixed solutions where other ions are
present, the presence of Pb2+ or Cr3+ can be detected based on
stronger emission intensity of the solutions.
It is worth mentioning that these hybrid materials show
sensing ability of Pb2+ ions at a quite low concentration of 10 ppm
compared to other materials e.g. downshifting/upconversion
NaY(MoO4)2:Ln materials showing sensitivity at 1000 ppm, with
a good KSV and LOD.
28
In the second part of the study, mixed Eu,Tb PMO and PMO
hybrid materials were prepared and an in-depth study of the
optical response in the presence of several protic (water,
methanol, ethanol, n-butanol and isopropanol) and aprotic
(DMF, chloroform, and acetone) solvents was carried out. The
Eu,Tb mixed samples were chosen for this study to possibly
observe a diﬀerence in the energy transfer between the ligands
and Tb3+ and Eu3+. First, the solid-state excitation and emission
spectra were recorded for all three samples PMO@Eu,Tb,
PMO@Eu,Tb_phen and PMO@Eu,Tb_bpy. The ratio of Eu : Tb
employed in the synthesis was 1 : 1. The combined excitation–
emission spectra of these samples recorded at room-temperature
(in the solid-state) have been presented in Fig. S18–S20 (ESI†).
Fig. 8 Comparison of the luminescence intensity of PMO@Tb_bpy
treated with diﬀerent concentrations of ions and S–V curves for these ions:
(a) and (b): Pb2+, (c) and (d): Cr3+ and (e) and (f): Fe2+.
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A photo of the emission colors when placed under a UV lamp is
shown in Fig. S21 (ESI†). The labeled peaks have been assigned
to the appropriate transitions in Tables S9–S11 (ESI†). For the
solvent sensing tests 1 mg of the sample was dispersed in 1 ml of
each of the studied solvents. After irradiating with ultrasound in
an ultrasound bath for a few minutes to form a stable suspen-
sion the excitation and emission spectra of the samples were
recorded. For all three materials changes in the relative Tb-to-Eu
intensity were observed when dispersing the samples in different
solvents. The change of solvent resulted in a color change of the
suspensions from green to yellow to orange-red, depending on
the solvent used (= solvatochromism). In Fig. 9 the excitation
and emission spectra (excited at 284 nm) of the PMO@Eu,Tb
samples dispersed in different solvents compared to the solid
state are presented. The first observation which can be made is
that the intensity varies for the sample when dispersed in
different solvents (both excitation and emission), showing a
different degree of quenching (or even enhancement as in the
case of DMF). Changes in the ratio of the 544 nm emission peak
of Tb3+ and 614 nm emission peak of Eu3+ (see Fig. S22, ESI†)
most likely originate from differences in the energy transfer
between the ligands and Tb3+ and Eu3+. Quite similar behavior is
observed in the water and alcohol suspensions (protic solvents).
Changes in the local environment of the lanthanide ions are
observed. For example for the sample dispersed in DMF the
5D0 -
7F4 transition peak of Eu
3+ becomes significantly more
pronounced. This results in a change in emission colors for the
different solvents. Yet, in this case the emission was not strong
enough to take a good quality photo under the UV lamp.
Instead the colors have been indicated on a CIE coordination
color diagram presented in Fig. S23 (ESI†). In Fig. 10 the
excitation and emission spectra (excited at 302 nm) of the
PMO@Eu,Tb_phen samples dispersed in different solvents com-
pared to the solid state are presented. Some changes in the
shape of the excitation spectrum are observed, especially when
comparing the solid-state sample and the samples in suspen-
sion. In the emission spectra a significant change in the Eu-to-Tb
peak ratio is observed. Once again the protic solvents show quite
similar behavior, yet n-butanol shows a significant increase in
the emission intensity compared to other protic solvents. The
change in the ratio of the 544 nm/614 nm peaks has been
presented in the form of a bar graph in Fig. S24 (ESI†). A clear
color change is observed for these samples, going from green
emission (for water, methanol and ethanol), to yellow (n-butanol,
iso-propanol) (Fig. 11). For PMO@Eu,Tb_bpy we observed a
quite similar behavior to that of the PMO@Eu,Tb_phen sample.
The excitation and emission spectra (excited at 320 nm) have
been presented in Fig. 12. A strong enhancement of the Tb-to-Eu
energy transfer most likely takes place in the samples dispersed
in aprotic solvents, resulting in the increased intensity of the
Eu3+ peaks, resulting in red color emission. The solvatochromic
behavior of the PMO@Eu,Tb_bpy sample is overviewed in the
bar graph where the 544 nm/614 nm ratio has been presented
(Fig. S25, ESI†). This change in the Tb-to-Eu ratio results in a
visible color change from green (mostly protic solvents) to yellow
(iso-propanol + aprotic solvents). This has been visualized in the
Fig. 9 (a) Excitation spectra and (b) emission spectra of PMO@Eu,Tb in
the solid-state and dispersed in diﬀerent solvents. Fig. 10 (a) Excitation spectra and (b) emission spectra of PMO@Eu,Tb_phen
in the solid-state and dispersed in diﬀerent solvents.
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photo shown in Fig. 13 (the lower intensity of the emitted colors
originates from the mismatch in the UV lamp excitation wave-
length – 302 nm – and the samples’ ideal excitation wavelength –
320 nm). Previous reports have shown that solvatochromic
behavior of lanthanide complexes was due to dipole change
and that hydrogen bonding also had an influence on the
process.29 In general solvent–solute interactions involve electro-
static forces and three types can be distinguished: dipole–dipole,
dipole–induced dipole and induced dipole–induced dipole.29 If
the dipole moment of the compound/molecule increases upon
excitation, as in the case of p - p* transitions, then a more
dipolar solvent will stabilize the excited state more than the
ground state. In this case, the separation between the ground
state and excited state energies will decrease and the absorption
band will red shift. This effect is caused by positive solvato-
chromism or a bathochromic shift.30 The magnitude of the
shift depends on the molecule’s dipole moment. A blue (hypso-
chromic) shift can also be observed and is usually seen for
molecules with n - p* transitions. When an excited state of a
molecule is created by excitation the excited molecule interacts
to a certain degree with the surrounding solvent molecules,
which highly depends on their polarity, before relaxing to the
ground state. Solvent molecules have the possibility to reorient
to stabilize an excited state dipole moment (this effect is called
solvent relaxation). In the case of our compounds we do observe
a bathochromic (red) shift of the excitation spectrum. A red shift
is mostly observed for apolar solvents. Therefore this in part
affects the efficiency of the excitation of the lanthanides. The
same excitation wavelength was used for obtaining all spectra
(based on the maximum of the solid state excitation band). If the
band red shifts then we are not exciting at its maximum, which
affects the energy transfer from the antenna ligand to Tb3+ and
Eu3+ as well as the ligand to Tb3+-to-Eu3+ energy transfer. A
solvatochromic shift (neither bathochromic nor hypsochromic)
is not really observed in the PMO@Ln samples (only a change in
the emission intensity is mostly observed) suggesting that the
changes take place in the bpy and phen ligands and affect the
energy transfer to the lanthanides. The Tb3+-to-Eu3+ may there-
fore change in the presence of different solvents as the energy
transfer between the ions may no longer be as efficient in the
presence of certain solvents as the maximum of the band is not
being excited. Also in some cases it is possible we are exciting at
a wavelength where Eu3+ or Tb3+ is directly being excited leading
to f–f transitions (here overlapped by the ligand bands and not
visible in the graphs). Solvatochromic behavior has been studied
for some lanthanide MOFs, where it was observed that Tb and
Eu MOFs showed a response to ethyl ether as it was replacing
DMF present in the pores of the MOFs.31 A clear explanation is
not given of how this affects the emission color. It was clear
though that the solvent molecules had a strong interaction with
the frameworks of the porous material, such as dispersion
interactions and hydrogen-bonding. The explanation for the
solvatochromic behavior is without doubt a very complex one
and much more study needs to be done until it can be fully
understood in complex systems such as lanthanide materials.
Fig. 12 (a) Excitation spectra and (b) emission spectra of PMO@Eu,Tb_bpy
in the solid-state and dispersed in diﬀerent solvents.
Fig. 13 Photo taken under a UV lamp (302 nm excitation) of
PMO@Eu,Tb_bpy dispersed in diﬀerent solvents: (from left to right) water,
methanol, ethanol, n-butanol, iso-propanol, DMF, chloroform, and
acetone.
Fig. 11 Photo taken under a UV lamp (302 nm excitation) of
PMO@Eu,Tb_phen dispersed in diﬀerent solvents: (from left to right)
water, methanol, ethanol, n-butanol, iso-propanol, DMF, chloroform,
and acetone.
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To date solvatochromism has not been reported for other
lanthanide PMO materials. In our series of samples we do see
differences between the plain PMO@Tb and PMO@Eu and the
hybrid materials with additional co-ligands. For the solvent
sensing the difference between the two ligands is more signifi-
cant than for ion sensing.
4. Conclusions
In this work a nano-PMO constructed from the N,N-bis(trimethoxy-
silylpropyl)-2,6-pyridine dicarboxamide linker and tetraethyl ortho-
silicate at a 5 : 95 ratio, which was further grafted with lanthanide
ions, and in some cases also an additional co-ligand, was
studied for its potential use as a chemical sensor. To the best
of our knowledge this is the first study where lanthanide PMOs
are investigated for their use as ion sensors and solvent sensors.
We studied 6 materials for ion sensing: PMO@Tb, PMO@Eu,
PMO@Tb_phen, PMO@Eu_phen, PMO@Tb_bpy and PMO@
Eu_bpy. Standard solutions containing 10 ppm nitric acid
metal salts (Hg2+, Zn2+, Cu2+, Ca2+, Cr3+, Co2+, Fe2+, Mn2+ and
Pb2+) were used. We observed that interestingly the lanthanide
ion had no influence on the selective ion sensing behavior. On
the other hand, it was observed that the presence or absence of
the additional co-ligand had a significant eﬀect on the ion
sensing and its selectivity. We observed that hybrid materials
constructed of both the phen and bpy ligands showed very
similar sensing performance. This may be explained by
their similarity (two donor N atoms) and therefore similar
influence on the coordination environment of the lanthanides.
PMO@Tb and PMO@Eu showed selectivity to Cu2+ and Fe2+
ions. The PMO@Tb_phen, PMO@Eu_phen, PMO@Tb_bpy and
PMO@Eu_bpy hybrid materials showed strong ‘‘turn on’’
fluorescence for Pb2+ and Cr3+ ions. Some selectivity was also
observed for Hg2+ ions. Therefore, these hybrid nano-sized
materials could find useful application in ion sensing for toxic
metals such as Pb2+, Cr3+ and Hg2+. More detailed analysis
showed that most likely a dynamic quenching mechanism was
responsible for the reduction of the luminescence intensity of
the material in the presence of certain metal ions. On the other
hand the enhanced luminescence for Pb2+, Cr3+ and Hg2+ can
most likely be linked to a stronger antenna eﬀect from the
second ligands (phen or bpy) after their formation of complexes
with the metal ions. Additionally mixed lanthanide materials:
PMO@Eu,Tb, PMO@Eu,Tb_phen and PMO@Eu,Tb_bpy were
prepared and studied for their solvent sensing ability. All three
materials showed significant solvatochromism, which was
caused by the change in the ratio of the Tb3+ to Eu3+ emission
peaks. This suggests that a change in the Tb-to-Eu energy
transfer takes place in the presence of various protic and
aprotic solvents. Changes in the coordination environment of
the lanthanide ions in these materials in the presence of
diﬀerent solvents can also be concluded based on the relative
intensities of the Eu3+ peaks. Here, more pronounced diﬀer-
ences in the performance of the phen and bpy hybrid materials
were observed.
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